Drug development for common complex diseases is in need of new molecular entities and actionable drug targets. MAP/microtubule affinity-regulating kinase 4 (MARK4) is associated with numerous diseases such as neurodegenerative disorders, obesity, cancer, and type 2 diabetes. Understanding the structural basis of ligands' (inhibitors) and substrates' binding to MARK4 is crucial to design new kinase inhibitors for therapeutic purposes. This study reports new observations on docking three well-known kinase inhibitors in the kinase domain of MARK4 variants and the calculated binding affinity. These variants of MARK4 are named as MARK4-F1 (59 N-terminal residues along with kinase domain) and MARK4-F2 (kinase domain of MARK4). We additionally performed molecular dynamics (MD) simulation and fluorescence binding studies to calculate the actual binding affinity of kinase inhibitors, BX-912, BX-795, and OTSSP167 (hydrochloride) for the MARK4. Docking analyses revealed that ligands bind in the large hydrophobic cavity of the kinase domain of MARK4 through several hydrophobic and hydrogen-bonded interactions. Simulations suggested that OTSSP167 (hydrochloride) is forming a stable complex, and hence the best inhibitor of MARK4. Intrinsic fluorescence of MARK4 was significantly quenched by addition of ligands, indicating their potential binding to MARK4. A lower K D value of MARK4 with OTSSP167 (hydrochloride) suggested that it is a better interacting partner than BX-912 and BX-795. These data form a basis for designing novel and potent OTSSP167 (hydrochloride) derivatives as therapeutic candidates against common complex diseases. The inhibitors designed as such might possibly suppress the growth of tumor-forming cells and be potentially applied for treatment of a wide range of human cancers as well.
Introduction

D
rug development for common complex diseases in ways that inform personalized medicine is in need of new molecular entities and drug targets that are actionable (Dimitrakopoulou et al., 2014; Lewis et al., 2014) . In this connection, MAP/microtubule affinity-regulating kinase 4 (MARK4) is a member of serine/threonine kinases family and phosphorylates microtubule associated proteins (MAPs) on their microtubule binding domain, which leads to the disruption of their attachment with microtubules and change their dynamics.
MARK4 also phosphorylates Tau protein, which is directly associated with Alzheimer's disease (Drewes et al., 1995) .
MARK4 is a mammalian homolog of PAR-1 (partitiondefective 1), KIN1, and is involved in the regulation of various cellular events (Drewes et al., 1997; Kemphues 2000) . MARK has four isoforms (MARK1-4) (Drewes et al., 1995; Illenberger et al., 1996; Trinczek et al., 2004) . They represent a similar structural organization; one N-terminal header, a kinase domain, a ubiquitin associated (UBA) domain, a spacer region, and a kinase associated (KA1) domain (Bright et al., 2009; Marx et al., 2010; Timm et al., 2008) .
MARK4 is predominantly expressed in brain followed by testis and lungs. It exits in two splice variants namely MARK4L and MARK4S (Trinczek et al., 2004; Tang et al., 2012) . It is directly associated with many diseases such as neurodegenerative diseases, diabetes, and varying types of cancer. MARK4L is upregulated in metastatic breast carcinomas, hepatocellular carcinomas (Kato et al., 2001 ) and glioma (Magnani et al., 2011) . MARK4 also acts as a negative regulator of mTORC1, which plays a role in Wnt signaling in prostate cancer.
All these studies suggested MARK4 as a potent target for cancer and other related diseases (Conrad et al., 2009; Gabrovska et al., 2012; Li and Guan 2013) . Ablation of MARK4 significantly improved glucose homeostasis by upregulating the activity and expression of AMPK kinase in key metabolic tissues (Sun et al., 2012) , suggesting that development of MARK4 inhibitors may provide a better choice for the treatment for obesity and related metabolic complications, including type 2 diabetes (Sun et al., 2012) .
The kinase inhibitors BX-912 and BX-795 are actually potent ATP-competitive inhibitors of 3-phosphoinositidedependent protein kinase 1 (PDK1) (Feldman et al., 2005) . PDK1 is a serine-threonine kinase that phosphorylates and activates a range of other kinases, including protein kinase (PK) B, PKA, and certain isoforms of PKC (Peifer and Alessi, 2008) . They have been used to evaluate the role of PDK1 in kinase activation and cell survival (Kloo et al., 2011; Mashukova et al., 2012; Shibata et al., 2013) . BX-795 also inhibits ERK8, MAPK-interacting kinase 2, Aurora B, Aurora C, MAP/ microtubule affinity-regulating kinase 1-4, TNF receptor associated factor-associated NF-jB activator-binding kinase1, 1jB kinase e, and additional kinases (Bain et al., 2007; Clark et al., 2009; Tamguney et al., 2008) .
The OTSSP167 is a potent inhibitor of maternal embryonic leucine zipper kinase (MELK) (Chung et al., 2012) . MELK is a serine-threonine kinase that regulates signaling central to cell cycling, stem cell renewal, apoptosis, and other cellular processes ( Jiang and Zhang, 2013) . MELK is overexpressed in some forms of cancer, particularly those with aggressive undifferentiated tumors (Gray et al., 2005; Joshi et al., 2013; Nakano et al., 2011) . OTSSP167 suppresses the growth of diverse cancer cell lines at low nanomolar concentrations (Chung et al., 2012) . It also blocks the phosphorylation of MELK-specific substrates and reduces the ability of MCF-7 breast cancer cells to invade and form spheroids in Matrigel (Chung et al., 2012) .
As a strategy, docking of ligand with the protein has been used widely for the binding study between them. It also helps in knowing the application of ligands towards drug design (Hassan et al., 2007a (Hassan et al., , 2007b Thakur and Hassan 2011; Thakur et al., 2013; Singh et al., 2014) . Furthermore, fluorescence binding studies provide an insight into interaction of ligands to the protein (receptor).
Protein kinases play critical roles in growth signaling pathways in cancer cells (Brognard and Hunter, 2011) . Its ATP-binding pocket has been considered as an ideal target for pharmacological therapy, and any differences in the residues of ATP-binding cavity confer selectivity of kinase inhibitors against a specific kinase (Yesilkanal and Rosner, 2014) . For these reasons, protein kinases are considered as attractive therapeutic targets of anti-cancer drugs (CowanJacob et al., 2009; Zhang et al., 2009) .
MARK4 is also considered as a potential drug target for many life-threatening diseases such as cancer, Alzheimer's, diet-induced obesity, many metabolic disorders, and type 2 diabetes. Hence, there is a need for the designing of new therapeutic strategies for effective treatment of MARK4 associated diseases. Here, we expressed two variants of MARK4 named as MARK4-F1 (59 N-terminal residues along with kinase domain) and MARK4-F2 (kinase domain) and studied their biophysical properties (Naz et al., , 2015b . We have chosen three known kinase inhibitors (BX-912, BX-795, and OTSSP167) and performed docking and MD simulation studies to see the structural basis of MARK4-ligand interactions. We further validated the binding affinity of these ligands to the MARK4 experimentally using fluorescence binding studies.
Materials and Methods
NaCl, EDTA, and other chemicals and reagents were bought from Merck (India). DNA preparation kits, ampicillin, kanamycin, monoclonal anti-His antibody, dialysis tubing, Luria broth, and Luria agar were bought from the Sigma Chemical Co. (St. Louis, USA). Ni-HF column was purchased from GE Healthcare (GE Healthcare Life Sciences, Uppsala, Sweden). Syringe filter of 0.22 l was purchased from Millipore Corporation (USA). All chemicals and reagents were of analytical grade.
Structure prediction and validation
Three-dimensional (3-D) structures of MARK4-F1 and MARK4-F2 were predicted by homology modeling techniques present in the MODELLER server (Eswar et al., 2006) . Templates were identified using PSI-BLAST (Altschul et al., 1990) module of Discovery Studio (DS) 3.5. Both F1 and F2 showed similarities with the crystal structure of MARK3 (PDB ID-3FE3) with a sequence identity of 90%. Template and query sequences were aligned, and structures of both the variants were predicted using the MODELLER by satisfying the spatial restrains. The energy minimization and optimizations of the predicted models were performed using DS modules CHARMM-22 force-field parameter (Hirashima and Huang, 2008) . Side chain refinement of predicted models was done using side chain refinement protocol of MOD-ELLER on Discovery studio 4.0.
The stereochemistries of the predicted models were analyzed using PROCHECK (Laskowski et al., 1996) . PRO-CHECK analyzes residue-by-residue geometry and overall structure of protein and validates the stereochemical quality of a predicted models. MARK4-F1 showed 97.4% of the residues in the allowed regions of the Ramachandran plots, while for MARK4-F2 it was 98.7%. Hence, the stereochemistry of the predicted models were acceptable. Furthermore, ProQ was used to predict the correctness and quality of model structures (Wallner and Elofsson, 2003) . The estimated quality score for MARK4-F1 was 5.358 and that for MARK4-F2 was 5.850. These estimates indicate the reliability of the predicted models. The final energy minimized and well validated models were taken for further study.
Molecular docking
Modeled structures of both MARK4-F1 and MARK4-F2 were used for docking studies with the kinase inhibitors using AutoDock 4.0 package (Morris et al., 2009) . The AutoDock utilizes the combination of a free energy based empirical force-field along with Lamarckian Genetic Algorithm to predict the bound conformations (Morris et al., 2009 ). The grid dimensions of 85 · 85 · 85 Å were assigned using the AutoGrid module with grid spacing of 0.375 Å . The Lamarckian genetic algorithm was used with the default parameters. Around 100 conformations were generated that were clustered according to the RMSD tolerance of 2.0 Å .
Top 10 conformations were rescored using DrugScoreX server (Neudert and Klebe, 2011) and selected for MD simulation on the basis of consensus of the observed parameters. The docked complexes were optimized and validated using modules present in the ''Receptor-Ligand Interactions'' section of Discovery Studio 4.0 (BIOVIA 2013). Furthermore, docked complexes were minimized using CHARMM force-field (Vanommeslaeghe et al., 2010) . Top 3 inhibitors were selected for MD simulation studies.
MD simulations
A set of six ligand docked complexes of MARK4-F1 and MARK4-F2 were selected on the basis of generated parameters (illustrated in Table 1 ). These docked complexes were subjected to MD simulations using GROMACS (Pronk et al., 2013) (version 4.6.5, installed on the CHPC server that provides 15 nodes with 8 cores per node of space for computation). The topologies of both MARK4-F1 and MARK4-F2 were generated using GROMOS96 53a6 force-field (Oostenbrink et al., 2004) .
Because of unavailability of force-field parameters for drug-like molecules in the GROMACS package, we used PRODRG server (Schuttelkopf and van Aalten 2004) to generate topologies and coordinate files for ligands. The complexes were immersed in SPC/E water model (Zielkiewicz, 2005) and energetically minimized using the steepest descent algorithm with a convergence criterion of 0.005 kcal mol
The restrains were applied to the complexes before the equilibration phase. The equilibration phase was carried out under NVT (constant volume) and NPT (constant pressure) each for 100 ps time scale. The temperature of the system was maintained at 300 K using Berendsen weak coupling method in both ensemble conditions along with pressure which was maintained at 1 bar by utilizing Parrinello-Rahman barostat in constant pressure ensemble.
Finally, the MD production was carried using LINCS algorithm for each complex at 20 ns time scale. Results extracted from the trajectory files were utilized for the analyses of each complex behavior in the explicit water environment. The RMSD (root mean square deviations), H-bonds and distances between protein and ligands were analyzed.
Cloning, expression, and purification Cloning, expression, and purification of both the variants of MARK4 (MARK4-F1 and MARK4-F2) were done using our optimized protocol (Siddique et al., 2014) . Briefly, PCR amplification of MARK4-F1 and MARK4-F2 genes were done using designed primers, and they were ligated into pQE30 expression vector. Expression vector along with desired genes were transformed in E. coli M15 competent cells. Cultures were kept overnight at 16°C on incubator shaker after induction by isopropyl b-D-1-thiogalactopyranoside (IPTG).Proteins were extracted from inclusion bodies (IBs) from these cultures.
IBs were further dissolved in CAPS, NaCl, and Nlaurylsarcosine buffer and used for protein purification using Ni-NTA column. Imidazole was used to elude the bound protein. The purity of purified protein was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).Molar absorption coefficient values of 31775M -1 cm -1 for MARK4-F1 and 26150 M -1 cm -1 for MARK4-F2 at 280 nm were used to determine the protein concentrations (Pace et al., 1995) . Activity of proteins was checked by ATPase assay where formation of 32 P from [c-32 P] ATP catalyzed by MARK4-F1 and MARK4-F2 were assayed as described previously (Siddique et al., 2014) .
Measurement of absorption spectra
Absorption spectra of all three selected ligands BX-795, BX-912, and OTSSP167 were taken in Shimadzu 1601 UV/ Vis Spectrophotometer. An external refrigerated water bath was used to maintain the temperature of cell holders. 27 lM, 10 lM, and 9 lM of BX-795, BX-912, and OTSSP167, respectively, were taken for spectral measurements in wavelength range of 1100-200 nm. Spectral measurements were done three times at 25 -0.1°C using 1 cm path length cuvette.
Measurements of fluorescence spectra
All the fluorescence measurements were carried in Jasco spectrofluorometer (Model FP-6200) at 25 -0.1°C using 5 mm quartz cuvettes. Temperature of the spectrofluorometer was maintained by an external thermostated water circulator. Excitation wavelength was set at 280 nm, whereas emission spectra were recorded in the range 300-400 nm. Both BX-795 and BX-912 were dissolved in dimethyl formamide (DMF) and OTSSP167 (hydrochloride) was dissolved in dimethyl sulfoxide (DMSO) in a final concentration of 1 mg/mL. Two blanks (i) ligands were gradually added to the 
Results
Molecular docking
Structure of ligands BX-795, BX-912, and OTSSP167 were generated by MARVINSKETCH and were used for docking ( Supplementary Fig. S1A , B, and C; supplementary material is available online at www.liebertpub.com/omi). Superimposed model structure of MARK-F1 and MARK4-F2 are shown along with active site (Supplementary Fig. S2 ). Conformations of docked ligands with MARK4-F1 and MARK4-F2 are shown in Figures 1 and 2 , respectively. Dali server (Holm and Rosenstrom, 2010) was used to identify the structural homologs for both the proteins.
On the basis of structural comparisons with the templates and the information available in the literature, we identified residues that may be the part of their active sites. Furthermore, the annotations of active sites of both proteins were validated on the basis of outputs obtained from COACH meta-server (Yang et al., 2013) and 3DLigandSiteserver (Wass et al., 2010) . All the ligands were docked into the predicted cavities of proteins, and resulted docked conformations were selected on the basis of observed interaction energies and scoring functions. The OTSSP167 showed highest binding free energy to both MARK4-F1 and MARK4-F2 with -7.97 and -7.91 kcal/mol -1 , respectively (Table 1) .
MD simulations
Selected docked complexes were immersed in the SPC/E water model and minimized in the 700 steps of steepest descent.
Each energetically minimized and solvent equilibrated complex was simulated for 20 ns. GROMACS were used to analyze the behavior of the complexes. The g_dist module of GROMACS was used to calculate the distance between the protein and ligands during the course of simulation. The average distance between the MARK4-F1 and ligands, BX-795, BX-912, and OTSSP167 were found to be 1.99 nm, 1.58 nm, and 1.22 nm, respectively. The BX-912 showed relatively higher fluctuations throughout MD simulations, whereas; BX-795 and OTSSP167 showed quite similar behavior (Supplementary Fig. S3 ).
These results showed that OTSSP167 bound very close to MARK4-F1 as compared to BX-795 and BX-912. Hydrogen bonds also showed variations throughout the 20 ns simulations with the average number of such bonds formed by BX-795, BX-912, and OTSSP167 with MARK4-F1, which were found to be 0.51, 1.63, and 2.30, respectively. The number of hydrogen bonds may reach up to six in case of OTSSP167 ( Supplementary Fig. S4 ). Furthermore, the RMSD value for MARK4-F1 was computed to be 0.35 nm, while values for the ligands BX-795, BX-912, and OTSSP167 were 0.18 nm, 0.14 nm, and 0.11 nm, respectively. OTSSP167 showed relatively lesser variations as compared to rest of the ligands (Fig. 3) . These analyses indicate that the complex of MARK4-F1 and OTSSP167 achieved a stable conformation as compared to the rest of the complexes.
Similarly, the distance between the MARK4-F2 and ligands BX-795, BX-912, and OTSSP167 were analyzed and found to be 1.44 nm, 1.12 nm, and 2.7 nm, respectively. The distance plots for all the ligands showed a continuous variation patterns ( Supplementary Fig. S5 ). The average numbers of hydrogen bond for MARK4-F2 displayed by BX-795, BX-912, and OTSSP167 are 1.64, 2.44, and 0.79, respectively. The number of hydrogen bonds may reach up to six for BX-795 ( Supplementary Fig. S6 ), while for BX-912 and OTSSP167 it is five and four, respectively. The RMSD values were found to be 0.29 nm, 0.12 nm, and 0.18 nm for BX-795, BX-912, and OTSSP167, respectively. OTSSP167 showed the relative stable behavior throughout the course of 20 ns MD simulations (Fig. 4) .
Absorption spectra
We have measured absorbance spectra of all three ligands(BX-795, BX-912, and OTSSP167) in the wavelength range of 200 nm to 800 nm (Fig. S7) . BX-795 showed 
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k max at 232 nm and 372nm; BX-912 showed k max at 233nm and 370 nm, and OTSSP167 showed k max at 227 nm and 353 nm. From these spectra, we observed that these ligands were not absorbing near 280 nm where proteins absorb. This observation helped us to select the excitation wavelength for florescence spectral measurements. As these inhibitors do not absorb near 280 nm, hence we can estimate binding constant of ligands form fluorescence spectra by exiting MARK4 at 280 nm.
Florescence study
It is known that a spectral change occurs in the florescence emission spectra by successive addition of ligands. A decrease in fluorescence intensity is considered with the formation of stable complex between protein (MARK4) and ligand. This relationship is expressed as, n ligand þ MARK44complex:
(Eq: 1)
The association constant K for the above equilibrium is represented by,
Here MARK4 is either MARK4-F1 or MARK4-F2, K is the binding constant, and n is the number of binding sites. The fluorescence emission spectra of the buffer with increasing concentrations of ligands were taken for baseline correction ( Supplementary Fig. S8 A, B, C) . Fluorescence emission spectra of protein were also taken with increasing concentration of buffer in order to nullify the effect of the buffer ( Supplementary Fig. S9 A, B) . With the increasing concentration of all three ligands BX-795, BX-912, and OTSSP167, a decrease in fluorescence emission was observed for both MARK4-F1 and MARK4-F2. This quenching in fluorescence was used to calculate the binding constant K for each ligands to the MARK4.
For these studies, solutions containing 0.1 mg/ml of MARK4-F1 and MARK4-F2 were taken and increasing amount of each ligand was added to both the proteins. Supplementary Figures S10 and S11 represent the fluorescence emission spectra of MARK4-F1 and MARK4-F2, respectively. All spectra were corrected for baseline with the corresponding amount of ligands and buffer in the presence of different concentrations of ligands at 25°C.
The typical emission peak was observed at k max 343 for MARK4-F1 and kmax 342 for MARK4-F2. It can be seen that the fluorescence intensity at 343 and 342 nm decreases with addition of ligands. This change in fluorescence intensity at 343 and 342 nm was used to estimate K and n for the binding of inhibitors to MARK4-F1 and MARK4-F2 using the relation (Barik et al., 2003; Feng et al., 1998) ,
(Eq: 3)
Here, (MARK4-F1), and 1.9 · 10 3 M -1 (MARK4-F2) for OTSSP167 (Table. 2). The number of binding sites were 0.87 (MARK4-F1) and 0.92 (MARK4-F2) for BX-795, 0.75 (MARK4-F1) and 0.82 (MARK4-F2) for BX-912, and 0.67 (MARK4-F1) and 0.63 (MARK4-F2) for OTSSP167. These measurements suggested that there is a single binding site for all the three ligands to both types of MARK4. various human disorders, including cancer, type2 diabetes, obesity, metabolic disorders, and neurodegenerative disorders (Naz et al., 2013 (Naz et al., , 2015a . Therefore, modulation of kinase activity of MARK4 using potent inhibitorS may be an attractive strategy for the treatment of associated disorders. A combined molecular docking and MD simulation studies were carried out to understand the structural bases of MARK4 inhibition. These in silico studies were further validated by fluorescence studies that clearly indicate a significant binding affinity of three ligands BX-795, BX-912, and OTSSP167 to the MARK4. A combination of computational study with experiments is the best way for the structure-based drug design and discovery (Hoda et al., 2015) . Recent advances in the field of computational biology have resulted in deciphering important clues that leads to discovery of novel drugs against several diseases (Aneja et al., 2015 , Shahbaaz et al., 2015a .
Sialidase activity of Porphyromonas gingivalis has been implicated in the onset of periodontitis. Structural study of sialidase b-propeller domain of P. gingivalis has shown that alteration in salt bridge formation within this domain leads to change in the sialidase activity, and thus may lead to potential treatment against peridontitis (Cueno et al., 2014) .
In another study, a computational approach helped to identify 11 anti-diabetic medicinal plants (Sahu et al., 2014) . These markers may be helpful in the identification of plants with anti-diabetic property in the future and reflect the importance of computational approaches in the identification of biomarkers and novel therapeutics against emerging diseases.
Our docking studies indicate a significant complexation of all three ligands to the MARK4. We found that OTSSP167 inhibits both MARK4-F1 and MARK4-F2 more efficiently than the other ligands. The OTSSP167 interacts with His18, Ser27, Pro31, Glu142, Phe144, Asp145, Lys183, Ala184, Glu185, Cys216, Gly217, and Tyr221 of MARK4-F1 (Fig. 1C) . In MARK4-F2, it shows interaction with Leu124, Ser145, Thr156, Gly159, Tyr163, Arg180, Asp181, Lys183, Asn204, Phe215, Ser218, Ala222, Leu226, and Tyr232 (Fig. 2C) .
These reactions were correlated with the previous findings, in which the crystal structure of OTSSP 167 with MPK38 (PDB ID-4CQG) has been published (Cho et al., 2014) . They also shown that OTSSP 167 efficiently inhibits the activity of the MPK38 by binding to its active site, which was indicated by the interaction studies and its IC 50 value measurement (Cho et al., 2014) . It was recently reported that OTSSP167, the MELK selective inhibitor, effectively suppresses MELK kinase activity, with an IC 50 of 0.41 nM (Chung et al., 2012) . The present study helps better understanding of the binding mode of the MARK4 inhibitor and provides a foundation for structure-guided drug design.
In the case of MARK4-F2, all ligands showed a conserved pattern of interacting residues (i.e., Arg180, Asp181, Lys183, Asn204, Phe215, Ser218, Ala222, Leu226, and Tyr232 ( Fig.  2A-C) , indicating that these residues are important for the binding with either ligands or substrates. Among them, Asp181 is the active site residue of MARK4, which also interacts with these ligands. By blocking this site with here, K D is a measure of the affinity of the MARK4 for the ligand. Basically, intrinsic fluorescence of any protein including MARK4 is almost due to tryptophan because tyrosine fluorescence is quenched by tryptophan resulting in a very low quantum yield (Eftink and Ghiron, 1981; Zhang et al., 2006) . Hence, changeS in the intrinsic fluorescence intensity of MARK4-F1 and MARK4-F2 were observed due to the tryptophan residue when ligands bind. A decrease in the fluorescence emission is an indication of ligand binding to the protein molecule. All these observations clearly indicate that OTSSP167 showed better specificity and binding affinity with MARK4 via forming a stable interaction with key residues. Structure analysis also suggests that closure of the catalytic cleft observed in the ligand bound complexes and its independency to the movement of the T-loop makes them promising candidates in hampering the role of MARK4 in various diseases. Thus, its derivatives can be used as therapeutic target against various life-threatening diseases.
Conclusions
In this study, we demonstrate the role of significant residues of MARK4 that help in the substrate/inhibitor binding. We further explored finding some efficient ligand whose derivatives can be used as therapeutic agent for MARK4 associated diseases. The molecular docking approach combined with experimental studies suggests that OTSSP167 has highest binding-affinity to the MARK4 as compared to other ligands. Hence, OTSSP167 may be a potential inhibitor for both the MARK4-F1 and MARK4-F2 proteins.
These studies will be helpful for the identification of potent MARK4 inhibitors with appropriate target selectivity, cellular efficacy, therapeutic effectiveness, and tolerability with novel pharmacophore features. Finally, this work gives information about the formation of a stable complex (ligand-MARK4), which opens a new promising avenue towards the application of these ligands and their derivatives for the treatment of ailments associated with MARK4. Further optimizations are called for.
